Mesenchymal-epithelial cell interactions between thecal and granulosa cells in bovine ovarian follicles were investigated.
M ESENCHYMAL-epithelial cell interactions are present in essentially every organ and are one of the most common cell-cell interactions between different cell types. It has long been recognized that differentiation of epithelial cells is directed by adjacent mesenchymal cells during embryonic development and optimally maintained by adjacent stroma in adult tissues (1, 2) . Although the importance of mesenchymal-epithelial cell interactions has been established for most tissues (3), the molecular mechanisms involved in these cell-cell interactions remain to be elucidated.
The ovarian follicle provides a useful model system to investigate mesenchymal-epithelial cell interactions in a hormonally responsive tissue. During each reproductive cycle, the epithelial-derived granulosa cells support the oocyte and form the antrum of the follicle. The mesenchymal-derived thecal cells surround both the follicle and the outer layer of granulosa cells to provide structural integrity for the follicle. Theta cells have been shown to provide androgen to granulosa cells as a substrate for estrogen production (4). Thecal cells also produce transforming growth factor-a and -p, which can regulate the granulosa and thecal cell proliferation required for follicle development (5) (6) (7) (8) chymal-epithelial interactions between thecal and granulosa cells appear to be important for ovarian physiology and follicle development.
Two recently identified mesenchymal-derived growth factors that mediate mesenchymal-epithelial interactions are keratinocyte and hepatocyte growth factors (KGF and HGF). KGF is a fibroblast growth factor (FGF-7)-related molecule that was originally isolated from keratinocyte-conditioned medium and found to stimulate epithelial cell proliferation (9). KGF is a 28-kilodalton (kDa) protein that appears to be produced primarily by mesenchymal cells. KGF acts mainly as an epithelial cell mitogen (10). The receptor to KGF is a FGF receptor splice variant of the FGFR2 isoform that specifically binds . The KGF receptor appears to primarily be localized on epithelial cells (15). HGF is an 87-kDa protein composed of a 69-kDa a-subunit and a 34-kDa P-subunit that was originally isolated from human and rabbit plasma and rat platelets on the basis of its ability to stimulate mitogenesis of rat hepatocytes (16) (17) (18) (19) (20) (21) . HGF stimulates the proliferation of a number of epithelial cell types, including kidney epithelial cell lines (22) (23) (24) . In addition, HGF promotes tubule formation and morphogenesis (20, 25) . HGF is a unique protein containing a kringle structure, with identity to the protease domain of plasmin (26) (27) (28) (29) . Interestingly an alternately spliced low mol wt form of HGF acts as an antagonist of HGF action (29, 30) . The receptor for HGF has been identified as the c-met protooncogene, which is a tyrosine kinase receptor (31) (32) (33) 
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----- are presented as a percentage of the control (CON). The number of different experiments is indicated in parentheses below each treatment. pz$es for the control were generally greater than 2 x lo3 cpm/pg (cyclophilin, IB15) fragments were visualized by LJV illumination on 5% polyacrylamide gels stained with 0.5 pg/ml ethidium bromide.
Cloning and DNA sequencing KGF and HGF PCR products were ligated into Bluescript SK(-) at the SmaI site in the multicloning site. Blunt end ligations were performed using 5-10 LJ T4 DNA ligase (Boehringer Mannheim, Indianapolis, IN). All ligase reactions were initiated on wet ice, transferred to room temperature, and incubated for 30 min to overnight. DNA sequencing (40) was performed using the Sequenase version 2.0 chain termination DNA seauencina kit bv incomoratinp. 135Sldeoxv-ATP nucleotides (U.S. Biochemical, Cl&&&, OH).*Seque$c'es were entered into GenBank to search for identities to KGF and HGF.
Growth assays
Cell growth was analyzed by quantitating [3H]thymidine incorporation into newly synthesized DNA. Thecal and granulosa cells were plated (-1 million cells/cm') in 0.5 ml Dulbecco's Modified Eagle's Medium containing 0.1% calf serum. After 24 h, cells were treated with no growth factor Tcontrol), lo-100 rig/ml KGF, or 5-50 rig/ml HGF ceenerouslv urovided bv Dr. Ieff Rubin, NCIL Granulosa cells were also geated wiih'lO0 ng/mi ba& FGF. Thecal &lls were also treated with 50 rig/ml epidermal growth factor. Cells were plated for 24 h, then treated for 24 or 48 h. After treatment, 0.5 ml Dulbecco's Modified Eagle's Medium containing 2.5 &i [3H]thymidine was added to each well, and the cells were incubated for 4 h at 37 C and then sonicated. The quantity of [3H]thymidine incorporated into DNA was determined, as previously described (41). Data were normalized to total DNA per well using an ethidium bromide procedure, described previously (38).
Results
Both thecal and granulosa cells were obtained from freshly isolated bovine ovarian follicles. Cells were used immediately for RNA preparation or placed in cell culture. The gene expression of KGF and HGF was examined with a reverse transcription-PCR procedure. Both KGF and HGF were found to be expressed in thecal cells, but not in granulosa cells (Fig. 1) . A constitutively expressed protein, cyclophilin, was used to analyze the integrity of the RNA. With the appropriate primers a 143-bp cyclophilin, a 344-bp KGF, and a 335-bp HGF PCR product were observed from freshly isolated thecal cell RNA (Fig. 1 ). Negative controls with no template or each primer alone did not produce a PCR product (data not shown). Granulosa cells did not express detectable levels of steady state KGF or HGF transcripts, but did express cyclophilin (Fig. 1) . Cultured granulosa cell RNA was also not positive for the growth factors. Both freshly isolated and cultured thecal cell RNA preparations were consistently positive for KGF and HGF. Therefore, thecal cells appear to express the KGF and HGF genes, but granulosa cells do not have any detectable KGF or HGF gene expression.
The bovine KGF and HGF PCR products were subcloned into the bacterial plasmid Bluescript by blunt end ligation (at the SmaI restriction site). Both the KGF and HGF DNA inserts were sequenced several times from different priming sites using the chain termination DNA-sequencing method (Figs.  2 and 3 ). These partial sequences are the only bovine KGF and HGF sequences published to date. A comparison of the bovine KGF sequence with the known rat (86% identity; 125-427 bp) (42), mouse (90% identity; 17-319 bp; GenBank accession no. Z22703), and human (95% identity; 462-764 bp) (10) sequences demonstrates a high degree of similarity in this region of the protein (Fig. 2) . A similar comparison of the bovine HGF sequence with rat (63% identity; 624-915 bp) (21), mouse (60% identity; 482-773 bp; GenBank accession no. D10212), and human (63% identity; 555-846 bp) (29) sequences also demonstrates a significant yet reduced similarity. Rat, mouse, and human HGF nucleotide sequences in this region show 96% homology. Bovine HGF appears to be less homologous in regard to nucleotide sequence in this region, due to several gaps and inserts (Fig. 3) . The deduced amino acid sequence of bovine HGF, however, was found to have an 88-90s identity with the rat, mouse, and human HGF amino acid sequences in this region of the protein. In determining the amino acid sequence of bovine HGF from the nucleotide sequence, an apparent missing G residue at nucleotide residue 107 was identified that is probably due to a PCR artifact or a reproducible sequencing compression. Although the bovine HGF nucleotide sequence is less homologous, the deduced amino acid sequence is similar.
The ability of thecal cells to secrete KGF and HGF protein was examined to extend the above gene expression data. Thecal cells were cultured in the presence of [35S]methionine, and then radiolabeled secreted proteins were collected from the conditioned medium. Radiolabeled secreted proteins were incubated with KGF monoclonal antibody and then precipitated, electrophoresed, and fluorographed. The KGF antibody specifically precipitated a 28-kDa protein from the radiolabeled thecal cell secreted proteins (Fig. 4) . The HGF antibodies did not work well in immunoprecipitations and were used in an immunoblot of thecal cell secreted proteins. The HGF antibodies specifically detected an 87-kDa protein (Fig. 4) as well as relevant 69-and 34-kDa subunits (data not shown). The 87-kDa form of HGF detected is most likely the nonreduced or unprocessed form of HGF, lacking the proteolytic cleavage to generate the 69-and 34-kDa subunits. These proteins are the anticipated sizes for both KGF and HGF. Therefore, thecal cells have the capacity to synthesize and secrete both KGF and HGF proteins.
The actions of KGF and HGF in the ovarian follicle were examined through an analysis of the mitogenic activity of the growth factors on purified granulosa and thecal cells. After initial plating, freshly isolated granulosa and thecal cells were cultured in the absence or presence of recombinant KGF or HGF for 20 h and then in the presence of [3H] thymidine for 4 h to assess the incorporation of [3H]thymidine into DNA. Both KGF and HGF were found to stimulate the proliferation of bovine granulosa cells, as indicated by increases in thymidine incorporation (Fig. 5) . Basic FGF (100 rig/ml) was used as a positive control to stimulate the growth of granulosa cells, and epidermal growth factor (50 rig/ml) was used to stimulate the growth of theta cells. The results indicate that both KGF and HGF can stimulate granulosa cell proliferation, but not that of thecal cells.
Discussion
Thecal cell-granulosa cell interactions are an example of an essential mesenchymal-epithelial cell interaction in the ovary. Mesenchymal cells are proposed to influence adjacent epithelial cells through the production of mesenchymal derived inducer proteins that act on the epithelium (l-3). Although the role that thecal cells have in regulating granulosa cell steroidogenesis is well established (4, 43-47), the role of thecal cells in regulating other granulosa cell functions remains to be elucidated. Previous observations have implied that thecal cells may influence granulosa cell proliferation through the local production of transforming growth factors (5-8, 38-42, 48) . Two growth factors that appear to be restricted to mesenchymal-epithelial cell interactions are KGF and HGF. The current study was designed to identify the potential role KGF and HGF may have in mediating thecalgranulosa cell interactions.
The mesenchymal-derived thecal cells were found to express both the KGF and HGF genes as well as synthesize and secrete KGF and HGF proteins. In contrast, epithelialderived granulosa cells had no detectable KGF or HGF messenger RNA expression. Therefore, the growth factors are produced by the mesenchymal cell population in the ovarian follicle, consistent with results from other tissues. The KGF and HGF receptors are primarily expressed by epithelial cells, such as the granulosa cells. Both KGF and HGF were found to stimulate granulosa cell proliferation, but not that of thecal cells. These observations imply that KGF and HGF have the capacity to mediate mesenchymalepithelial cell interactions between thecal and granulosa cells. Further analysis of KGF, HGF, and their receptor expression during follicle development with in situ hybridization, immunocytochemistry, and direct measurements is needed. This analysis will assess whether KGF and HGF function during early and/or late follicle development. Analysis of the hormonal regulation of KGF and HGF expression will reveal the significance of this mesenchymal-epithelial cell interaction in the endocrine regulation of follicular growth.
Investigation of the actions of KGF and HGF demonstrated that granulosa cell proliferation is increased by these growth factors. Analysis of the actions of KGF and HGF on granulosa cell steroidogenesis is now needed to determine whether these growth factors also influence granulosa cell differentiation. The stage of follicle development may also influence the responsiveness of granulosa cells to KGF and HGF. Indeed, other growth factors known to influence granulosa cell growth and steroidogenesis have been shown to have altered actions during different stages of follicle development (37, 38). The actions of KGF and HGF on granulosa cell growth and differentiation (i.e. steroidogenesis) at various stages of follicle development are currently under investigation.
The current study demonstrates the local production and action of two mesenchymal-derived growth factors, KGF and HGF. These observations provide additional support for the importance of thecal cell-granulosa cell interactions in the regulation of follicle development. The previously identified concept that the mesenchymal cell population may have a significant role in the regulation of tissue growth is supported by the current observations. Mesenchymal controlled tissue growth may be a general phenomenon present in other tissues, but this requires more rigorous investigations. Although the current study suggests that KGF and HGF can mediate mesenchymal-epithelial cell interactions between thecal and granulosa cells, the in vim expression, action, and physiological importance of this cell-cell interaction remain to be elucidated. 
